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(57) Abstract: JAn article of titanium or a titanium-based alloy, or of zirconium or a zirconium-based alloy is case hardened by 
itment-for at least 12 hours at one or more temperatures in the range of 850 °C to 900 °C and at a pressure in the order of 
atmospheric pressure in an oxygen diffusion atmosphere. The oxygen diffusion atmosphere comprises a carrier gas such as argon 
which does not react chemically with the article the said temperature range and molecular oxygen. The concentration of oxygen as 
the oxygen diffusion atmosphere is in the range of 10 volumes per million to 400 volumes per million. 
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METHOD OF CASE HARDENING TITANIUM AND ZIRCONIUM ALLOYS 




This invention relates to a thermal treatment method. In particular, it relates to a 
method of case hardening an article of titanium or zirconium or of an alloy based on 
titanium or zirconium. 



WO-A-96/23908 discloses a process for manufacturing a titanium article with a 
hardened surface for enhanced wear resistance comprising the steps of exposing 
the article to an oxygen-containing environment; heating the article to a temperature 
that allows oxygen to diffuse into the article; soaking the article at the temperature for 
a time sufficient to oxidise elemental metal at the surface and cooling the article to 
room temperature. The heating and soaking take place at about 500°C, and the 
oxygen-containing environment is an atmosphere of air. 

US-A-5 316 594 relates to forming a hardened outer shell on a refractory workpiece 
using an argon-oxygen atmosphere containing from 1 to 3 mole percent of oxygen. 
If the workpiece is of zirconium the maximum treatment temperature is 1400°F 
(760°C). If the workpiece is of titanium the maximum treatment temperature is 
815°C. 

EP-A-580 081 relates to the treatment of intermetallic compounds of titanium and 
aluminium in an atmosphere containing 20% by volume of oxygen. 

US-A-4 263 060 relates to the treatment of titanium articles with oxygen at a sub- 
atmospheric pressure. 

WO-A-99/04055 (The University of Birmingham) discusses the need to provide 
engineering alloys of titanium or zirconium with a hard case consisting of a region of 
relatively high hardness maintained to a certain depth below the surface before 
dropping more steeply and then gradually to the hardness of the untreated core 
material. WO-A-99/04055 discloses a method of case hardening an article formed of 
titanium, zirconium or an alloy of titanium and/or zirconium in which the article is heat 
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treated for a short period of time, typically from 0.3 to 0.6 hour, in an oxidising 
atmosphere containing both oxygen and nitrogen (typically air) at a temperature in 
the range of 700 to 1000°C so as to form an oxide layer on the article, and then 
further heat treating the article in a vacuum or in a neutral or an inert atmosphere at 
a temperature in the range of 700 to 1000°C so as to cause oxygen from the oxide 
layer to diffuse into the article. 

According to WO-A-99-04055 the case hardened article may then be surface treated 
by the method according to WO-A-98/02595 (The University of Birmingham) so as to 
improve the tribological behaviour of the article. This surface treatment comprises 
gaseous oxidation of the article at a temperature in the range of 500 to 725°C for 0.1 
to 100 hours, the temperature and time being selected such as to produce an 
adherent surface component layer containing at least 50% by weight of oxides of 
titanium having a rutile structure and a thickness of 0.2 to 2 urn on a solid solution- 
strengthened diffusion zone wherein the diffusing element is oxygen and the 
diffusion zone has a depth of 5 to 50 urn. 

The dual step oxidation/diffusion treatment of the method according to WO-A- 
99/04055 is difficult to control. A small variation in the amount of oxide formed in the 
first oxidation step can result in a significant difference in the eventual hardness 
profile at the end of the diffusion time in the vacuum or the neutral or inert 
atmosphere. The method therefore relies entirely on empirical control, thereby 
causing difficulties if it is required to treat a range of articles of different shapes and 
sizes. 

According to the present invention there is provided a method of case hardening an 
article of titanium or a titanium-based alloy, or of zirconium or a zirconium-based 
alloy, wherein the article is heat treated at one or more temperatures in the range of 
850°C to 900°C and at a pressure in the order of atmospheric pressure in an oxygen 
diffusion atmosphere comprising (a) a carrier gas which does not react chemically 
with the article in the said temperature range and (b) molecular oxygen, wherein the 
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concentration of oxygen in the oxygen diffusion atmosphere is in the range of 10 
volumes per million to 400 volumes per million. 

In the method according to the invention the rate of oxygen diffusion from the surface 
into the body of the article is a function of the oxygen potential, i.e. the partial * 
pressure of oxidant in the oxygen diffusion atmosphere. The measurement in real 
time of the oxygen partial pressure of a heat treatment atmosphere is conventional in 
some heat treatments of ferrous workpieces and may be performed using 
commercially available instrumentation. Accordingly control of the oxygen potential 
is a simple matter of appropriately selecting the mole fraction of oxidant molecules in 
the oxygen diffusion atmosphere and, if necessary, adjusting the mole fraction in 
response to a real time oxygen potential measurement. 

The carrier gas is preferably a noble gas such as helium, xenon, neon or argon, or a 
mixture of one or more such noble gases. Argon is particularly preferred. It should 
be noted that nitrogen reacts with titanium and zirconium at temperatures in the heat 
treatment range and therefore cannot be included in the carrier gas. 

The method according to the invention is performed at a pressure that is 
approximately the same as the prevailing atmospheric pressure, i.e. at a pressure in 
the range of 1 .0 to 1 .2 bar. 

Preferably the oxygen concentration is in the range of 75 to 300 volumes per million; 
more preferably the oxygen concentration is in the range of 100 to 200 volumes per 
million. These oxygen concentrations are preferred for the following reasons. At 
below about 75 parts by volume per million, the rate of oxygen diffusion is 
undesirably low and therefore the time required to complete the treatment is 
undesirably high. At 500 parts by volume of oxygen and above there is too marked a 
surface oxidation which can inhibit diffusion of oxygen atoms into the article being 
treated and/or a spalled surface oxide is produced, a condition considered 
unacceptable for engineering components. Indeed, at oxygen concentrations of 
5000 parts by volume per minute an impermeable oxide surface is rapidly formed. It 
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is within the scope of the invention, however, to increase the concentration and/or 
partial pressure of oxygen in the atmosphere at or near the end of the treatment so 
as to form a visible surface oxide layer that improves the tribological properties of the 
article. Such formation of a surface oxide layer can be performed at the same 
temperature as the diffusion or at a lower temperature, i.e. at any temperature in the 
range 500 to 900°C and employing an atmosphere having an oxygen concentration 
of at least 5000 volumes per million. 

The method according to the present invention is particularly useful in case 
hardening engineering components or other articles formed of commercially pure 
grades of titanium, of titanium-based alloys (a, a+(3, or (3 alloys), of commercially 
pure grades of zirconium, and of zirconium-based alloys. 

When the article is required to have enhanced fatigue properties, it may be subjected 
after heat treatment to a mechanical surface treatment, such as shot peening. 

The method according to the present invention will now be further described with 
reference to the following Examples and to the accompanying drawings, in which: 

Figure 1 is a graph showing the Vickers hardness profile for samples of titanium alloy 
treated at 850°C; 

Figure 2 is a similar graph to Figure 1 but showing the Vickers hardness profile for 
samples treated at 900X; and 

Figure 3 is a similar graph to Figure 1 but showing the effect of treatment at two 
different temperatures. 
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Examples 

Materials - Ti-6AI-4V alloy was selected as the test material as this alloy constitutes 
some 50-60% of the global titanium output. Samples of Grade 5 Ti-6AI-4V (25 mm x 
50 mm x 3.2 mm) were acquired with a 600 grit surface finish. The chemical 
composition of the alloy is shown in Table 1. Prior to treatment each specimen was 
cleaned with 2% Alconox ™ aqueous detergent in an ultrasonic bath followed by an 
ethanol rinse and warm air dry. The specimens were weighed to an accuracy of 
± 0.01 mg after cleaning. 



Table 1 - Chemical Composition of the Grade 5 Ti-6AI-4V Alloy 



Element 


Al 


V 


C 


Fe 


N 


O 


H 


Y 


Ti 


at% 
(by weight) 


6.15 


3.93 


0.03 


0.15 


0.02 


0.17 


47 
ppm 


<50 
ppm 


Bal. 



Test Apparatus - All of the thermal treatments were conducted in a high purity 
alumina tube furnace at a temperature of either 850°C or 900°C. During processing 
the atmosphere was maintained at a constant inlet composition and flow of 3000 
cc/min using a MKS 647B Multi-Channel Gas Controller system. Two argon/oxygen 
mixtures were mixed to produce the correct atmosphere composition. The first 
mixture was "house" argon with less than 1 ppm oxygen. The second mixture was 
obtained from a certified premixed cylinder containing argon with 1040 ppm oxygen. 
The temperature was maintained with an external thermocouple and monitored with 
an internal thermocouple. Two samples were heat treated together and were held 
vertically in a specially manufactured holder to ensure uniform surface exposure. At 
the outlet side of the tube furnace, an Illinois Instruments oxygen analyser, Model 
2550 was sued to monitor the composition of the flowing gas. 

Procedure - After weighing, two samples were inserted into the centre of tube 
furnace in the specimen holder. Prior to heating the tube furnace and samples were 
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purged with house argon for 1 hour to obtain a background level of less than 1 ppm 
residual oxygen in the system. This atmosphere was used during heating to 850°C 
or 900°C. After the target temperature was attained, the inlet gas composition was 
changed to the test atmosphere. Samples were treated in atmospheres containing 
oxygen in the range 1 to 500 ppm for 24 hours at temperature. After the 24 hour 
period the atmosphere was returned to 100% house argon and maintained during 
furnace cooling to room temperature. In two cases, the atmosphere composition 
was further modified to a second oxygen level during the heat treatment period. 
These two tests were conducted for a total of 28 hours, 20 hours at the first oxygen 
level and 8 hours at the second. As a baseline, samples were treated in argon 
containing less than 1 ppm oxygen for 24 hours. After the samples were removed 
from the furnace, each was again weighed to an accuracy of ±0.01 mg. 

Hardness and Microstructural Evaluation - The maximum surface hardness and 
depth of penetration were measured using a Vickers hardness traverse at 25 and 50 
gram loads. The lower load was used primarily at the edge of the sample to 
eliminate the risk of cracking. Microstructural features, such as case depth, were 
observed by light microscopy after etching in Kroll's etchant (2% hydrofluoric acid in 
water). 

X-RayDiffractometry - After the heat treatment was completed, the surface oxide 
layer of one of the samples from some select treatments was evaluated. A Philips 
X'Pert PRO Multi-Purpose Diffractometer operating at 40 kV and 50 mA was used. 
The 2-thetascan was from 20 to 1 00 degrees at a step size of 0.01 degree and a 
rate of 0.4 sec/step. The resultant data was analysed using Philip's Analytical X'Pert 
Software to identify the observed peaks. 

Results 

The hardness profile of specimens heat treated at 850°C and 900°C in various 
oxygen concentrations are shown in Figures 1 and 2. The difference in the 
magnitude of hardening between the two heat treatment temperatures is obvious. 
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The 900X treatments produced a much higher surface hardness and resulted in a 
greater depth of penetration for an equivalent exposure time, as would have been 
expected from Fick's Law. 

The baseline treatment of 1 ppm of oxygen at 850°C resulted in a very minor 
hardness increase at the surface and the depth of penetration was less than 75 
microns. . Figure 3 shows the hardened alpha case for this specimen. In addition to 
the lack of significant hardening, only a slight surface scale was present. The 
average total weight gain for the two specimens treated at this condition was only 
0.35 milligrams. 

Increasing the partial pressure of oxygen from 1 ppm to 3, 10 and 25 ppm 
significantly changed the maximum surface hardness and depth of penetration. An 
incremental increase is clearly observed from 1 to 3 ppm and again from 3 to 10 ppm 
of oxygen in Figure 1 . At 25 ppm oxygen no significant change in the hardness 
profile was measured, but the depth of the alpha case is greater in comparison with 
the 10 ppm sample. The total average eight gain for the three conditions of 3, 10 
and 25 ppm were 2.96 mg, 8.29 mg, and 18.44 mg respectively. The weight gain 
corresponded directly to the degree of surface oxidation and the depth of penetration 
observed. 

The highest oxygen concentration in argon used (500 ppm) resulted in a heavy 
oxidation layer in addition to the surface hardening. On removal from the furnace a 
good portion of the oxide scale spalled off of the specimens. This significant oxide 
coating appears to have reduced the amount of oxygen penetration by acting as a 
diffusion barrier. In both the hardness profile (Figure 1), the depth of penetration is 
clearly less than that observed for both the 10 and 25 ppm conditions. This 
combination of surface condition and hardness profile was not considered useful. 

None of the samples heat treated at 850°C had either the maximum case depth or 
the hardness profile required for maximum performance. 
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The heat treatments conducted at 900°C produced an improvement in the depth of 
penetration and the formation of the appropriate surface oxide. Five oxygen 
concentrations were evaluated at this temperature. The hardness profiles obtained 
for oxygen concentrations of 25, 50, 100, 200 and 500 ppm are shown in Figure 2. It 
can be seen that, for these conditions, the depth of penetration was in excess of 250 
microns. The maximum hardness obtained was in excess of 1000 Hv for some of 
the conditions. 



It was found important not to let the temperature exceed 900°C; otherwise 
undesirable internal oxidation occurred. The samples treated at 900°C with 100 and 
200 ppm of oxygen clearly showed the depth of hardening was twice that observed 
fro the 850°C heat treatments. The surface layer was essentially 100% alpha slowly 
changing to the alpha-beta microstructure as the depth increases. 

The heat treatment at 500 ppm again produced a spalled surface oxide, a condition 
considered unacceptable for an engineering component. The 100 and 200 ppm 
surfaces were fairly uniform and adherent and no spalling occurred after removal 
from the furnace. The weight gains for the 900°C treatments were significantly 
greater than those observed for the 850°C treatments. The average gains were 21 .7 
mg at 25 ppm; 58.1 mg at 50 ppm; 68.4 mg at 100 ppm; and 85.0 mg at 200 ppm. 
Based solely on the surface films produced and the depth of penetration this 
increase in weight was within the expected range. 

Two double treatments were conducted to evaluate the effect of a more oxidising 
condition (100 ppm oxygen) in combination with a less oxidising condition (10 ppm 
oxygen). In a first treatment the sample was subjected at 900°C to 10 ppm oxygen 
for 20 hours, and then to 100 ppm oxygen for a further 8 hours. In a second 
treatment, the sample was subjected to 100 ppm oxygen for 20 hours and then to 10 
ppm oxygen for a further 8 hours. Each of these treatments thus had a total 
exposure time of 28 hours compared with the 24 hours for the single treatments. 
The 10 ppm followed by 100 ppm condition produced a more uniform depth of 
penetration with a consistent hardness over the first 75 microns. The surface oxide 
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was found to be adherent and uniform with a weight gain that was measured to be 
37.5 mg. 

The second double treatment of 100 ppm followed by 10 ppm produced an 
extremely hard surface and an enhanced depth of penetration. It is believed that the 
lower partial pressure reduced some of the scale formed during the initial 100 ppm 
exposure and allowed for further oxygen penetration. This treatment produced the 
greatest depth of hardening. The average weight gain for these two samples was 
62.1 mg, a value slightly less than that observed for the single 24 hour 100 ppm 
treatment (68.4 mg). 

X-ray diffraction data revealed that some treatments did result in rutile, Ti0 2l on the 
surface of the specimens. The single treatments at 900°C of 100 ppm and 200 ppm 
oxygen resulted in a rutile scale on top of the alpha case. The treatment at 850°C 
and 10 ppm, which resulted in only a visible surface haze, did not exhibit any 
discernible surface oxides. However, examination of this sample showed that the 
alpha peaks were shifted due to the interstitial oxygen in the hexagonal close packed 
lattice. This shift made identifying the alpha peaks in other samples easier. 

Two of the double treatment specimens were examined and found to have very little 
rutile oxide on their surfaces. One specimen, 20 hours at 10 ppm and 8 hours at 100 
ppm, visually appeared to be the same as the single treatment 100 ppm specimen 
but only small amount of rutile was detected. Other oxides, Ti 2 0 3 and TigOn were 
more predominant. This result indicated that 8 hours at 100 ppm oxygen is not 
enough to form a uniform rutile scale. Another specimen, 20 hours at 100 ppm and 
8 hours at 10 ppm, did not exhibit any rutile scale at all. The scale was a mixture of 
non-protective titanium oxides. Clearly the reduced 10 ppm oxygen level eliminated 
the surface rutile oxide that was present after treatment at 100 ppm. Visually this 
specimen appeared to have a different scale, a light grey colour compared to a dark 
blue-grey colour on the other samples. Although this treatment produced the 
- greatest depth of penetration, the surface scale was not ideal for engineering 
applications. 
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The single 900°C treatments at oxygen concentrations of 100 ppm and 200 ppm 
oxygen resulted in a rutile surface after 24 hours of exposure. The double treatment 
that ended with 8 hours at 100 ppm only formed a small amount of rutile indicating 
that extended times are required to obtain the equilibrium oxide of rutile. Based 
upon the x-ray analyses, the two double treatments, although producing an excellent 
alpha-case, are not effective in forming duplex surfaces. It is believed that by 
modifying the atmosphere to the oxygen composition of air (i.e. from 75 to 85% by 
volume argon; 15 to 25% by volume oxygen) for the last 20 minutes of treatment at 
850°C would produce a rutile layer of optimum thickness over the alpha case 
produced at 900°C. 
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CLAIMS 

1 . A method of case hardening an article of titanium or a titanium-based alloy, or 
of zirconium or a zirconium-based alloy, wherein the article is heat treated for 
a period of at least 12 hours at one or more temperatures in the range of 
850°C to 900°C and at a pressure in the order of atmospheric pressure in an 
oxygen diffusion atmosphere comprising 

a) a carrier gas which does not react chemically with the article in the said 
temperature range and 

b) molecular oxygen, wherein the concentration of oxygen in the oxygen 
diffusion atmosphere is in the range of 10 volumes per million to 400 
volumes per million. 

2. A method as claimed in claim 1 , in which the oxygen concentration is in the 
range of 75 to 300 volumes per million. 

3. A method as claimed in claim 2, in which the oxygen concentration is in the 
range of 1 00 to 200 volumes per million. 

4. A method according to any one of the preceding claims, in which the case 
hardened article is subjected to a further heat treatment at a temperature in 
the range of 500 to 900°C in an atmosphere having an oxygen concentration 
of at least 5000 volumes per million so as to form a visible surface oxide layer 
on the article that improves its tribological properties. 

5. A method as claimed in claim 4, in which the atmosphere in which the 
tribological surface oxide layer is formed contains from 15 to 25% by volume 
of oxygen and from 75 to 85% by volume of argon. 
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A method as claimed in any one of the preceding claims, in which the said 
carrier gas is argon. 

A case hardened article of titanium or a titanium-based alloy or of zirconium or 
a zirconium-based alloy obtainable by a method according to any one of the 
preceding claims. 
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